Abstract The distribution of breast cancer molecular subtypes has been shown to vary by race/ethnicity, highlighting the importance of host factors in breast tumor biology. We undertook the current analysis to determine population-based distributions of breast cancer subtypes among six ethnic Asian groups in California. We defined immunohistochemical (IHC) surrogates for each breast cancer subtype among Chinese, Japanese, Filipina, Korean, Vietnamese, and South Asian patients diagnosed with incident, primary, invasive breast cancer between 2002 and 2007 in the California Cancer Registry as: hormone receptor-positive (HR?)/HER2-[estrogen receptor-positive (ER?) and/or progesterone receptor-positive (PR?), human epidermal growth factor receptor 2-negative (HER2-)], triple-negative (ER-, PR-, and HER2-), and HER2-positive (ER±, PR±, and HER2?). We calculated frequencies of breast cancer subtypes among Asian ethnic groups and evaluated their associations with clinical and demographic factors. Complete IHC data were available for 8,140 Asian women. Compared to non-Hispanic White women, Korean [odds ratio (OR) = 1.8, 95% confidence interval (CI) = 1.5-2.2], Filipina (OR = 1.3, 95% CI = 1.2-1.5), Vietnamese (OR = 1.3, 95% CI = 1.1-1.6), and Chinese (OR = 1.1, 95% CI = 1.0-1.3) women had a significantly increased risk of being diagnosed with HER2-positive breast cancer subtypes after adjusting for age, stage, grade, socioeconomic status, histology, diagnosis year, nativity, and hospital ownership status. We report a significant ethnic disparity in HER2-positive breast cancer in a large population-based cohort enriched for AsianAmericans. Given the poor prognosis and high treatment costs of HER2-positive breast cancer, our results have implications for healthcare resource utilization, cancer biology, and clinical care.
Introduction
Breast tumor gene expression analyses using DNA microarrays have identified distinct breast cancer molecular subtypes that differ markedly in prognosis [1, 2] . Compared to the two hormone receptor-positive (HR?) subtypes (luminal A and luminal B), the human epidermal growth factor receptor 2 (HER2)-positive/estrogen receptor (ER)-negative and basal-like subtypes have been shown to have the least favorable outcomes [2] [3] [4] [5] [6] . Combinations of immunohistochemical (IHC) markers have been defined and validated as clinically relevant surrogates for breast cancer subtyping by gene expression [3, [7] [8] [9] . Recent population-based studies using IHC data have observed an increased frequency of basal-like or triple-negative (estrogen receptor (ER)-negative, progesterone receptor (PR)-negative, and HER2-negative) breast cancers among African [10] and African-American [3, 11, 12] women. These important observations suggest that intrinsic tumor biology varies by race/ethnicity and may be partially responsible for the poor breast cancer outcomes observed among African-American women in the United States.
Asians comprise 57% of the world's population, and breast cancer incidence is increasing rapidly among many Asian populations [13] [14] [15] [16] [17] [18] [19] [20] . Among Asians in the U.S., incidence and survival patterns vary considerably across ethnic populations [21, 22] , and data from the Surveillance, Epidemiology, and End Results (SEER) cancer registry revealed Asian ethnic differences in hormone receptor positive versus negative breast cancer [23] . Breast cancer subtype distribution among ethnic groups of Asian women, however, has not been systematically evaluated. Recent studies observed an increased prevalence of HER2-positive breast cancer among Asian-Americans unselected for specific Asian ethnicity [24, 25] . California is home to one of the largest Asian populations outside of Asia, making it a rich geographic region in which to study Asian ethnic differences in breast cancer subtypes. The California Cancer Registry (CCR) has been collecting data on HER2 status on all breast cancers diagnosed statewide since 1999, in addition to ER and PR data. Using this unique data resource, we evaluated differences in the distribution of breast cancer subtypes among the six largest Asian ethnic groups in California.
Methods

Study population
The CCR is a population-based registry that collects data about all cancers diagnosed statewide since 1988. Case ascertainment is estimated to be 99% complete. For the current study, newly diagnosed cases of primary invasive breast cancer in women of all ages were identified from the CCR between January 1, 2002 and December 31, 2007. Race/ethnicity data in the CCR are based on hospital records, which are in turn based on self-report, assumption of hospital personnel, or inference using information such as birthplace, race/ethnicity of parent, maiden name, or surname [26] . Socioeconomic status (SES) in the CCR was determined using a composite residential neighborhoodlevel index that combines Census 2000 measures of education, income, occupation, and cost of living within Census block groups, as described previously [27] . This index was categorized into quintiles based on the statewide distribution of neighborhood-level SES (1 = lowest and 5 = highest).
To classify nativity for patients of Asian ethnicity, we used two sources of information about birthplace: (1) registry-based data, which were available for 5,558 (68%) cases; and (2) for those who had unknown birthplace (n = 2,582), statistical imputation of immigrant status using the first five digits of the patient's Social Security number (SSN), indicating the state and year of issuance [28, 29] . We classified cases who received their SSN before age 25 years as US-born, whereas those who had received their SSN at or after age 25 were classified as foreign-born. The age cut-point was set at 25 years based on self-reported nativity in previously interviewed cancer patients (N = 1,836) [30] , and maximization of the area under the receiver-operating characteristic curve. This age cut-point resulted in immigrant status classifications associated with 84% sensitivity and 80% specificity for detecting foreign-born, and was similar across the Asian populations.
American Joint Committee on Cancer (AJCC) stage was used to define disease stage as either I, II, III, IV, or unstaged [31] . Tumor grade was defined as I, II, III, or other/ unknown based on Bloom-Richardson criteria [32] . Tumor histology was recorded as ductal (International Classification of Diseases-Oncology, 3rd edition (ICD-O-3) morphology code 8500), lobular (ICD-O-3 morphology code 8520), or mixed/other (all remaining ICD-O-3 morphology codes). Hospital ownership status was recorded as private, public, or unknown based on data obtained from the Office of Statewide Health Planning and Development [33] .
Breast cancer subtype definitions
The CCR has mandated statewide collection of breast cancer ER and PR data since 1990 and HER2 status since 1999. In the CCR, ER, PR, and HER2 status are classified as positive, negative, borderline, not tested, not recorded, or unknown based on the laboratory results and pathologist's interpretation in the medical records. In general, ER and PR status are based on the results of conventional dextran-coated charcoal ER and PR assays or IHC (C5% nuclear staining = positive) [34] . HER2 status is recorded on the basis of IHC score (0, 1? = negative, 2? = borderline, 3? = positive) or fluorescence in situ hybridization (B2 copies of HER2 = negative, [2 copies = positive) [35] . The validity of ER and PR classification in two SEER registries (including Los Angeles County, California) was compared with classification by a single expert pathology laboratory, and the agreement was found to be substantial (j = 0.70) for ER and moderate (j = 0.60) for PR [36] .
For this study, combinations of IHC markers were used as surrogates for molecular breast cancer subtype as follows: HR?/HER2-(ER? and/or PR?, HER2-), HER2? (HER2?, ER±, and PR±), and triple-negative (ER-, PR-, and HER2-). Female cases of first, primary, invasive breast carcinoma were included if the status of all the three IHC markers (ER, PR, and HER2) was known. Cases in which any one marker was defined as borderline, not tested, not recorded, or unknown were excluded.
A total of 126,577 incident cases of invasive breast cancer were identified from the CCR between January 1, 2002 and December 31, 2007 among Asian, NH White, NH Black, and Hispanic women. A total of 89,009 (70% of sample) had complete and unequivocal data for all the three IHC markers. In this time period, 11,487 cases belonging to the six largest Asian groups were identified, and 8,140 (71% of sample) had complete IHC marker data. Borderline IHC results accounted for 2% of the cases excluded. We used multivariate logistic regression models to identify associations with missing tumor marker data among Asians. Independent predictors of having missing data on at least one marker included race/ethnicity (P = 0.05), age (P = 0.0002), stage (P \ 0.0001), grade (P \ 0.0001), tumor histology (P = 0.001), SES (P \ 0.0001), year of diagnosis (P \ 0.0001), place of birth (P \ 0.0001), and hospital ownership status (P \ 0.0001).
Statistical analysis
All analyses were conducted using SAS version 9.1 software (SAS Institute Inc, Cary, NC, USA). We first computed the frequencies of the three breast cancer subtypes (HR?/HER2-, HER2?, and triple-negative) among six Asian ethnic groups in the CCR (Japanese, Chinese, Filipina, Korean, Vietnamese, and South Asian). Women belonging to any other Asian or Pacific Islander ethnic group were grouped together as ''Other Asian.'' Breast cancer subtype frequencies were also calculated in NH White, NH Black, and Hispanic reference populations. Univariate differences in subtype distribution by race/ethnicity, age at diagnosis, stage at diagnosis, tumor grade, tumor histology, year of diagnosis, neighborhood SES, nativity, and public versus private hospital ownership were evaluated using the v 2 test. Since genetic risk of breast cancer is associated with young age at diagnosis [37] , an additional v 2 test was performed to compare the frequency of breast cancer subtypes by race/ethnicity in two age groups (\40 vs. C40 years).
We used multivariate logistic regression models to calculate odds ratios (ORs) for the association of either HER2? or triple-negative breast cancer, compared to HR?/HER2-breast cancer as the referent tumor subtype, for each Asian ethnic group, compared with NH Whites as the referent racial/ethnic group. ORs were adjusted for age at diagnosis, stage at diagnosis, tumor grade, neighborhood SES, year of diagnosis, nativity, and hospital ownership status.
Results
Subtype distribution by race/ethnicity
Frequencies of breast cancer subtype by detailed racial/ ethnic group among eligible cases are presented in Table 1 . Of 89,009 analyzed cases, 58,555 (66%) belonged to the HR?/HER2-subtype, 18,524 (21%) to the HER2? subtype, and 11,930 (13%) to the triple-negative subtype. Among Asians, Japanese women had the most favorable subtype distribution, with a relatively high frequency of the HR?/HER2-subtype and a low frequency of HER2? and triple-negative subtypes. Korean women, by comparison, had the least favorable subtype distribution with a relatively low frequency of the HR?/HER2-subtype and a high frequency of the HER2? subtype. In contrast to the 19% frequency of HER2? breast cancer in NH Whites, Korean, Filipina, and Vietnamese women had increased frequencies of HER2? disease, 36% (95% CI 32-40%), 31% (95% CI 29-32%), and 29% (95% CI 26-33%), respectively. NH Black women had a higher frequency of triple-negative breast cancer (26%, n = 1,385) when compared with NH White women (12%, n = 7,074). The distribution of subtypes in all the ethnic groups, except Japanese, was significantly different from that among NH Whites at the P \ 0.0001 level.
Subtype associations with clinical and demographic factors among Asian women
The distribution of breast cancer subtypes varied significantly among Asian women by age, stage at diagnosis, SES, tumor grade, year of diagnosis, histology, nativity, and hospital ownership status (Table 2) . HR?/HER2-tumors were less common in younger age groups and had a lower stage distribution than HER2? and triple-negative subtypes. The majority of triple-negative tumors were of high grade. The frequency of HER2? breast cancer decreased and HR?/HER2-breast cancer increased with increasing SES. By contrast, the frequency of triple-negative breast cancer remained fairly constant across all the SES groups. In this sample, 78% of Asian cases were foreign-born, and the majority (70%) received treatment from public hospitals. Foreign-born women had increased frequencies of HER2? breast cancer when compared to US-born women, though the frequency of triple-negative breast cancer was similar regardless of nativity.
Subtype distribution by ethnicity and age at diagnosis
The frequency of breast cancer subtype by Asian ethnic group was further stratified by age group at diagnosis (less than 40 years vs. greater than or equal to 40 years of age).
Among Japanese women, HR?/HER2-was the most common subtype in both the younger and older age groups (57 and 71%, respectively). HER2? and triple-negative tumors were relatively more frequent among younger Japanese women, though these differences were not statistically significant. Young South Asian, Vietnamese, and Filipina women had the least favorable subtype distributions, with a high frequency of HER2? breast cancer among young Filipina women (41%) and increased frequencies of triple-negative breast cancer among young Vietnamese (28%) and South Asian (23%) women. The highest frequency of triple-negative breast cancer was observed among younger NH Black women (36%), although relatively high frequencies were also observed among younger Hispanic women (27%), older NH Black women (25%), and younger NH White women (22%).
Multivariate analyses
In multivariate analyses, Korean women were 80% more likely than NH White women to be diagnosed with HER2? as opposed to HR?/HER2-breast cancer (Table 3) . Similarly, Filipina, Vietnamese, and Chinese women were 30, 30, and 10% more likely, respectively, than NH White women to be diagnosed with HER2? disease. Conversely, Filipina and Chinese women were 30 and 20% less likely, respectively, than NH White women to be diagnosed with triple-negative as opposed to HR?/HER2-breast cancer, whereas South Asian women were 30% more likely. NH Black women had double the rate of triple-negative breast cancer compared with NH White women, and Hispanic women had a 20% higher rate.
Discussion
Our study represents one of the most comprehensive population-based analyses of breast cancer subtypes reported in the literature, with over 89,000 cases included. Furthermore, this is the first study to evaluate breast cancer subtypes in a large and representative dataset enriched for Asian-Americans. Most importantly, we found a 40 . Young age at breast cancer diagnosis is highly associated with genetic predisposition to breast cancer, but unlike the association between germline mutations in BRCA1 and triple-negative breast cancer [38] [39] [40] , there is as yet no known familial gene mutation that confers increased risk of HER2-positive disease. Most BRCAassociated breast cancers do not demonstrate HER2 positivity [41] . Presumably, similar to BRCA1 and basal-like breast cancer, ethnic specific genetic factors exist that influence the expression of the HER2-positive phenotype. Our results suggest that further studies are warranted to explore a potential genetic basis for the increased frequency of HER2-positive breast cancer among certain ethnic groups of Asian women. Asians comprise 57% of the world's population, and thus, our results have particular relevance to the challenges of breast cancer treatment globally [13, 14] . Breast cancer incidence is on the rise in many countries in Asia, as well as among Asian-Americans [15] [16] [17] [18] [19] [20] . Breast cancer occurs at a younger age in Asia, and the postmenopausal rise in breast cancer incidence observed in Western populations is not seen in most Asian populations [14, 20, 42] . Classic studies of Japanese and Chinese migrants to the United States, however, highlight the importance of lifestyle factors by demonstrating that breast cancer risk rises over several generations nearly approaching that of U.S. Whites [43] . It is unclear the degree to which the subtype distribution observed in our study population will change over time with increased acculturation to a Western lifestyle and a higher percentage of U.S.-born Asian-Americans. Nonetheless, our results have important implications for current resource utilization and clinical care both in the United States and in Asia. HER2-positive breast cancer has an aggressive clinical course with poorer breast cancer-specific survival than most other breast cancer subtypes [2, 6] . Combination chemotherapy and a year of trastuzumab therapy represent the current standard treatment for this disease, even in patients with early stage disease [44] . As a result, the costs associated with the treatment of HER2-positive breast cancer are much higher than those for other breast cancer subtypes [45] . These high costs of treatment are likely to place a financial burden on the public healthcare system in California that provides care for many Asian-Americans in the state, in addition to the healthcare systems of countries of limited resources providing cancer care in Asia.
Although our study is strengthened by the large size and population-based setting of the CCR, it also has limitations inherent to registry-based data. The CCR does not collect patient-level data on SES or other environmental or lifestyle factors. Although we adjusted for neighborhood SES, which is correlated with individual SES [46] , these measures capture different types of exposures and, therefore, may have distinct, independent associations with breast cancer subtypes. Though HER2 data collection was mandated starting in January 1999, uptake was not immediate. As a result, we observed increased absence of HER2 data in earlier diagnosis years with improvements thereafter. Since we could not adjudicate borderline tumor marker test results and there was no centralized pathology review, we were unable to assign a subtype to borderline IHC results (2% of cases excluded), and therefore chose to exclude those cases from the current analysis. Despite these shortcomings, our results for African-Americans and NH Whites were consistent with those from prior studies [3, 12] , and clinical features such as stage and grade distribution were as expected according to breast cancer subtype, suggesting that our results are valid and generalizable. Our data source is unique not only in recording HER2 status for a decade, but also in covering a population in which large numbers of Asian women well characterized by ethnicity are represented. Compared to previous studies of breast cancer subtype by ethnicity [3, 12] ; our study includes far greater case numbers and thereby lends increased stability and confidence to our results.
In conclusion, we report a significant ethnic disparity in HER2-positive breast cancer among Asian women in a large, population-based cancer registry. Specifically, HER2-positive breast cancer is overrepresented among Korean, Filipina, Vietnamese, and Chinese women when compared to NH White women in California. These results have clinical and healthcare resource utilization implications, given the poor prognosis of HER2-positive breast cancer and the high costs associated with the treatment of this breast cancer subtype. Future studies to explore the basis for this disparity are warranted and may identify genetic, lifestyle, and environmental risk factors responsible for the differences we observed, with implications for prevention and treatment. Conflict of interest All authors report no financial conflicts of interest related to this study. The authors have full control of the primary data and agree to allow Breast Cancer Research and Treatment to review that data if requested.
